enter the wound to clear cell debris and secrete cytokines to initiate regeneration (2, 7) . During the regenerative phase, infiltrating tissue fibroblasts are induced to differentiate into contractile myofibroblasts, which display a greater synthetic phenotype than fibroblasts. Myofibroblasts secrete cytokines, growth and extracellular matrix factors, as well as enzymes that assist in remodelling the wound matrix (8) (9) (10) (11) . This provides a mechanical scaffold for activated satellite cells (myoblasts) to proliferate and move from their niche between the basal lamina and sarcolemma to the area of damage (12) . At the wound site, they differentiate into myotubes and fuse with existing skeletal muscle tissue to repair damaged myofibers. The interplay of nonmyogenic cells with activated satellite cells is therefore crucial for myogenesis and successful repair; a cellular imbalance may lead to impaired wound healing and, in the long term, chronic disease due to conditions such as fibrosis (4) .
In order to fully understand the complex mechanisms controlling myogenesis, it is important to take into account the relevant cells that regulate this process. There are a number of methods that can be used to achieve this; these include the use of in vivo A triple co-culture method to investigate the effect of macrophages and fibroblasts on myoblast proliferation and migration
The communication between nonmyogenic cells, such as macrophages and fibroblasts, and myoblasts is crucial for successful skeletal muscle repair. In vitro co-culture methods can be used to increase our understanding of these cellular interactions; however, current protocols are restricted to two, often physically separate, cell populations. Here, we demonstrate a novel, inexpensive in vitro triple co-culture method that facilitates the co-culture of at least three cell populations with some degree of cell-cell contact. Using this method, we determined the effect of macrophages and fibroblasts on myoblast proliferation and migration. A significant increase in myoblast proliferation and migration was observed following coculture with either macrophages or fibroblasts. However, triple co-culture of macrophages, fibroblasts, and myoblasts revealed that the presence of macrophages prevented fibroblasts from maintaining this positive effect on myoblast migration. Macrophages, on the other hand, continued to promote myoblast proliferation whether in the presence of fibroblasts or not. Our triple co-culture system highlights the significance of multicellular communication in regulating myoblast proliferation and migration and emphasizes the importance of more complex co-culture systems when investigating myogenesis in vitro.
Reports

METHOD SUMMARY
A novel triple co-culture method facilitates the co-culture of macrophages, fibroblasts, and myoblasts. This assay, which permits some cell-cell contact, can be extended to include more than three cell types, and it represents a simple, cost-effective way to probe complex multicellular communication in vitro. approaches, in vitro 3D tissue engineered skeletal muscle, or in vitro co-culture systems. In vivo models are more accurate in reflecting the process of muscle wound repair, but due to the array of interactions that take place, this environment is highly complex, making it difficult to identify individual mechanisms (13) . In vitro 3D tissue engineered skeletal muscle mimics in vivo conditions more closely than in vitro monolayer studies, but this approach is more time-consuming in its establishment and requires extensive optimization (14) . Co-culture systems make use of two or more cell populations, within the same in vitro microenvironment, thereby allowing some degree of interaction for studying intercommunication between different cell types (13) . This creates an experimental model that more closely mimics the intercellular communication in the in vivo environment and is therefore superior to conventional mono-culture (13, 15, 16) .
Co-culture systems fall into one of two categories. First, those that physically separate the cell populations from one another, typically by using a multicompartment approach (e.g., transwell plates or "overflow" culture chambers) that allows communication only via soluble factors (Figure 1Ai and ii) (17, 18) . A d isadvantage of this type of method is that cells are not permitted to come in direct contact with one another, as would occur under in vivo conditions. Diffusion rates of soluble factors in larger culture volumes (as required in the overflow chamber) are also a consideration; if the rate of diffusion is too low, signalling factors may not be able to reach their targets timeously (13, 19) . Secondly, there are methods that allow direct interactions between cells (i.e., micropatterning); this is usually achieved by spatially controlling the position of the adhering cell populations within a culture dish (such as that reported by Javaherian et al., 2013, or the co-culture method presented in this paper) ( Figure 1A iii and iv) (20) . Co-culturing by way of micropatterning involves the creation of a distinct population of cells within a culture dish by selectively controlling the attachment of cells ( Figure  1A iii). This can be achieved by creating a nonadhesive area via a physical barrier (using stamps, as seen in (21)) or a chemical barrier (e.g., bovine serum albumin (BSA) (20) ). The first population of cells will adhere to the area surrounding the barrier; once the barrier is removed (either by physical removal or by coating the nonadhesive area with an adhesive matrix factor (20) ), the second cell population binds in the remaining space (22) . This method has the advantage of allowing cells to interact via both secreted factors and cell-cell interactions, but is laborious, requiring additional steps and specialized equipment.
Here, we describe a novel triple co-culture method ( Figure 1A iv) , where a standard circular well-containing plate can be employed to culture multiple distinct cell populations, allowing for both direct and indirect cellular communication. Using this method, we investigate the regulatory role of macrophages and fibroblasts on myoblast proliferation and migration, and demonstrate the importance of macrophage resolution to facilitate fibroblastregulated wound repair in vitro.
Materials and methods
Cell culture
Mouse C2C12 myoblasts (Cat. CRL-1772™, ATCC, VA, USA), LMTK fibroblasts (Cat. CCL-1.3™, ATCC) and J774A.1 macrophages (Cat. TIB-67™, ATCC) were cultured at 37 º C and 5% CO 2 and maintained in growth media containing Dulbecco's Modified Eagle's Medium (DMEM; Cat. D5648, Sigma, MO, USA) supplemented with 10% (v/v) fetal bovine serum (Cat. 10500, Gibco, Thermo Fisher Scientific, MA, USA) and 2% (v/v) penicillin-streptomycin (Cat. DE17-602E, Lonza, Basel, Switzerland). Media was changed every 48 h.
Co-culture method
For co-culture of two cell types, either macrophages or fibroblasts (0, 5, 10, 20, 40, or 80 x 10 3 cells) were plated along the outer edge of a dry 24-well plate in a volume of growth media not exceeding 100 μl, but not less than 30 μl (Figure 1B i). For co-culture of three cell types (i.e., "triple" co-culture) 40 x 10 3 macrophages and 40 x 10 3 fibroblasts were combined in 100 μl growth media and plated as above. A centrifugal force was then applied to the plate to ensure that the cells only attached to the outer edge of the well; this was achieved by simply rotating the plate in a circular motion (2 min) by hand, or using a rotational device (20 
Proliferation analysis
To analyze the effect of macrophages and fibroblasts on myoblast proliferation, 20 x 10 3 C2C12 cells were allowed to adhere for 2 h, then washed twice with sterile PBS and cultured in serum-free DMEM (500 μl). Cells were co-cultured for 24 h, washed with PBS and stained with basic Fuchsin (Cat. 47860, Sigma) for 10 min (1% w/v basic Fuchsin dissolved in 100% methanol). Cells were then submerged in water to remove the stain and manually counted following visualization and image capture with an Olympus CKX41 microscope (Olympus Corporation, Tokyo, Japan) and a Motic 3.0 megapixel camera (4x objective; Motic, Kowloon, Hong Kong).
Three fields of view per replicate (taken from the center of the well), with three replicates per experiment, were used. C2C12 cells plated in the absence of macrophages or fibroblasts served as a control. Changes in myoblast number were calculated relative to the number of myoblasts initially plated out and expressed as a percentage increase (%).
Migration analysis
For migration analysis, 50 x 10 3 C2C12 myoblasts were allowed to adhere for 24 h before undergoing a scratch assay as described by Goetsch et al. (2011) (23) in serum-free DMEM (500 μl). Briefly, while being careful not to disturb the cells on the outer edge, the confluent monolayer of myoblasts at the center of the well was scratched with a sterile 200 μl loading tip to physically remove myoblasts and create a linear "wound." The remaining cells were washed twice with sterile PBS and 500 μl serum-free DMEM was added. The cells were then incubated for 7 h and images taken at 0 and 7 h using an Olympus CKX41 microscope and a Motic 3.0 megapixel camera (4x objective). The percentage of wound closure was calculated after tracing the wound edges using the Motic Images Plus 2.0 ML software (23).
Immunocytochemistry and confocal microscopy
To immunocytochemically identify cells in co-culture, cells were cultured on glass coverslips as described above. Briefly, macrophages (40 x 10 ) were allowed to adhere in the center of the well. The cells were then washed twice with PBS and switched to serum-free DMEM for 7 h to mimic the migration timeframe.
Cells were then fixed with 4% para formaldehyde, washed with PBS, blocked at 4ºC with 5% donkey serum (Cat. D9663, Sigma) and incubated at room temperature for 2 h with the following primary antibodies as appropriate: polyclonal rabbit anti-desmin antibody (1:500; Cat. ab15200, Abcam, Cambridge, 
Statistical analysis
Data was determined to be normally distributed; results were analyzed using a parametric paired, two-tailed Student's t-test and values of p < 0.05 were considered to be statistically significant compared with the control. All data was represented as mean ± SEM.
Results & discussion
To initially co-culture two cell populations, macrophages were plated at the outer edge of the well, while myoblasts were cultured in the center of the well (Figure 2A & 2B). J774A.1 macrophages are relatively small, circular cells, easily distinguishable from larger, spindle-shaped myoblasts that overlap to an extent with macrophages, allowing for a degree of cell-cell interaction ( Figure 2B ). This method of co-culture was then successfully repeated using fibroblasts instead of macrophages ( Figure 2C ). LMTK fibroblasts are larger than J774A.1 macrophages, but smaller than C2C12 myoblasts, and have an elongated shape. To establish the "triple co-culture," macrophages and fibroblasts were both cultured at the outer edge of the well, while myoblasts were cultured at the center of the well ( Figure 2D ). Fibroblasts and macrophages were clearly identified at the outer edge of the well via expression of TCF-4 and E-cadherin, respectively ( Figure 2E ); significant numbers of macrophages and fibroblasts were not observed amongst the myoblasts at the center of the well ( Figure 2E ). Our method was established using a 24-well plate, but it can be adapted to any culture vessel with circular wells. The advantage of this method over others lies in its simplicity and the fact that it can be established quickly without the need for additional, specialized equipment. A further benefit of our system is that it can be expanded to include more than three cell types; this is crucial when one is trying to mimic the in vivo environment. The wound area of myoblasts. E) and F) Percentage wound closure at 7 h for myoblasts cultured in the presence of increasing numbers of macrophages or fibroblasts, respectively. * = p < 0.05; B, C and E: n = 6; F: n = 5). Cells were visualized using an Olympus CKX41 microscope and images were captured with a Motic 3.0 megapixel camera (4x objective lens).
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Using our co-culture method, we sought to determine the effect of macrophages and fibroblasts on myoblast proliferation and migration. Co-culture experiments revealed that macrophages and fibroblasts promote the proliferation of myoblasts ( Figure 3A) . Relative myoblast numbers already showed a small significant increase from 130 ± 4.38% to 146 ± 4.12% (16% increase; p < 0.05) when co-cultured for 24 h with 5 x 10 3 macrophages compared with control cultures (Figure 3B) . A maximal effect was reached following co-culture with 80 x 10 3 macrophages (188 ± 1.75%; p < 0.05; Figure 3B ). The presence of fibroblasts also increased the proliferation of myoblasts; however a significant, maximal effect was only achieved in response to 20 x 10 3 fibroblasts; when fibroblast numbers were increased further, this pro-proliferative effect was lost ( Figure 3C ). In response to 20 x 10 3 fibroblasts, relative myoblast numbers increased significantly from 189 ± 8.31% to 232 ± 16.76% (p < 0.05); whereas in response to co-culture with 80 x 10 3 fibroblasts, relative myoblast numbers returned to control levels of 187 ± 7.72% ( Figure 3C ). Analysis of myoblast migration revealed that co-culture with 80 x 10 3 macrophages resulted in a significant increase in the percentage of wound closure (17.0 ± 2.04%) compared with the control (9.42 ± 0.75%), 5 x 10 3 (9.58 ± 1.00%) and 20 x 10 3 (8.51 ± 1.52%) macrophages (Figure 3D and 3E ; p < 0.05). The presence of lower numbers of macrophages had no significant effect on myoblast migration ( Figure 3E ). When co-cultured with fibroblasts, myoblasts responded by increasing their migration in a cell-density dependent manner ( Figure 3D and 3F). Significant effects were already observed in response to 20 x 10 3 fibroblasts ( Figure 3F) , rather than at only 80 x 10 3 as seen with macrophages ( Figure 3E ). Following co-culture with 20 x 10 3 cells, myoblast wound closure had increased significantly to 19.57 ± 1.71% with a maximal significant effect observed in response to 80 x 10 3 cells (21.9 ± 1.62%) compared with the control (13.5 ± 0.79%) (p < 0.05; Figure   3F ). This data suggests that rising fibroblast numbers promote myoblast motility, while macrophages lose their promigratory effect as their numbers decrease.
To determine the combined effect of macrophages and fibroblasts on myoblast proliferation and migration, a triple co-culture experiment was carried out where myoblasts were co-cultured with 40 x 10 3 macrophages and 40 x 10 3 fibroblasts. Total cell numbers exceeding 80 x 10 3 cells caused the fibroblasts and macrophages to move to the center of the well, hence 40 x 10 3 of each cell type was used. Analysis of myoblast proliferation revealed that triple co-culture of myoblasts with both macrophages and fibroblasts did not significantly change myoblast numbers when compared with conditions using macrophages or fibroblasts alone ( Figure 4A ). The pro-proliferative effect of macrophages on myoblasts was therefore observed both in the absence and presence of fibroblasts. However, when myoblast migration was analyzed, triple co-culture of myoblasts with both macrophages and fibroblasts abrogated the previous significant positive effect of fibroblasts on myoblast migration ( Figure 4B ). The promigratory effect of fibroblasts on myoblasts was therefore lost in the presence of macrophages. Further immunocytochemistry and confocal microscopy revealed that, whether in the absence or presence of macrophages, fibroblasts expressed aSMA ( Figure 4C ). It is well known that the presence of serum promotes the myofibroblast phenotype (24) ; therefore a-SMA expression was expected in these cells. Our results suggest that macrophages do not initiate de-differentiation of myofibroblasts over the 7 h migration period. Interestingly, a decrease in cell number was observed, suggesting perhaps a pro-apoptotic effect of macrophages. This requires further investigation.
Following muscle injury, the inflammatory response is accompanied by an increasing population of macrophages, followed by the migration of resident fibroblasts that are promoted to proliferate and differentiate to myofibroblasts (25) (26) (27) (28) (29) (30) . Triple co-culture studies using macrophages, fibroblasts and myoblasts revealed that the presence of macrophages negates the promigratory effects of fibroblasts on myoblasts. This supports the premise that although an inflammatory response is crucial for repair, under certain conditions, it can negatively affect repair. The pro-proliferative effect of macrophages on myoblasts was however maintained even in the presence of fibroblasts, suggesting less of an influence of fibroblasts on macrophage-myoblast communication.
Previous studies using more than two cell types in co-culture are limited (31); in fact, no previous studies have been performed to determine the combined effect of macrophages and fibroblasts on myoblast proliferation and migration.
A crucial advantage of the current protocol is that it can be expanded to include additional relevant cell types, such as endothelial cells. In addition, the format allows the user to a) determine the phenotype of the participating cells (e.g., M1 vs M2 macrophages or fibroblasts vs myofibroblasts) using immunocytochemistry and b) polarize the co-cultured cells in order to determine whether distinct populations have differential effects on myoblast proliferation and migration. Our results underscore the importance of including cellular complexity in in vitro co-culture systems in order to gain a better understanding of how cellular communication regulates regenerative outcomes in skeletal muscle.
In previous in vitro studies, the conditioned media of pro-inflammatory M1 macrophages was found to increase the proliferation of myoblasts, while inhibiting migration (32) (33) (34) (35) . In our study, we used unmanipulated macrophages. This may account for some of the differences seen in our results compared with these previously published studies.
It would be valuable to determine whether any change in macrophage phenotype is observed in response to myoblast injury. In vivo studies suggest that ablation of fibroblasts leads to depletion of satellite cells, premature satellite cell differentiation, and results in smaller regenerated myofibers (36) . In vitro studies have shown that increasing fibroblasts in co-culture also promotes the migration of myoblasts (18) and that fibroblasts protect myoblasts from apoptosis during differentiation, promoting myotube formation (37) . This agrees with our current studies showing that the presence of fibroblasts increases myoblast cell numbers and migration.
In summary, our optimized triple co-culture assay has numerous advantages: it is easier, simpler, and cheaper to establish than conventional techniques; it allows for both direct and indirect cellular communication; and it can be expanded in its complexity to include additional cell types such as endothelial cells. Using this model, we confirm that macrophages and fibroblasts are important regulators of myoblast proliferation and migration. We also show for the first time that macrophages can negatively influence the ability of fibroblasts to promote myoblast migration in an in vitro wound healing setting. Knowledge generated from this method will further our understanding of the role of cellular interplay in regenerative processes.
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